Methylmercury (MeHg) exposure via fish in the diet remains a priority public health concern. Individual variation in response to a given MeHg exposure and the biotransformation of MeHg that follows complicate our understanding of this issue. MeHg elimination from the human body occurs slowly (elimination rate (k el ) approximately 0.01 day À1 or approximately 70 days half-life [t 1/2 ]) and is a major determinant of the Hg body burden resulting from fish consumption. The underlying mechanisms that control MeHg elimination from the human body remain poorly understood. We describe here improved methods to obtain a MeHg elimination rate via longitudinal Hg analysis in hair using laser ablationinductively coupled plasma-mass spectrometry. We measured MeHg elimination rates in eight individuals following the consumption of 3 fish meals in two 75-day trials separated by a 4-month washout period. In addition, since MeHg biotransformation to inorganic Hg (I-Hg) is associated with Hg excretion, we speciated Hg in feces samples to estimate individual MeHg de-methylation status. We observed a wide range of MeHg elimination rates between individuals and within individuals over time (k el ¼ 0.0163-0.0054 day
. Thus, there is ongoing interest in resolving whether or not there are risks of toxicity from naturally occurring low-levels of MeHg present in fish. Evaluating the potential for MeHg toxicity from fish consumption will benefit from resolving the factors that contribute to the variation in body burden of mercury (Hg) seen among individuals experiencing similar MeHg exposures YaginumaSakurai et al., 2012) .
MeHg exhibits a slow elimination rate in people (elimination rate constant [k el ] approximately 0.01 day À1 or approximatley 70 days whole body half-life [t 1/2 ]) (Aberg et al., 1969; Miettinen et al., 1971) . Although, studies using a variety of methodologies and toxicokinetic models have reported a more than 4-fold variation ranging from t 1/2 ¼ 35 to >150 days (Aberg et al., 1969; AlShahristani and Shibab, 1974; Birke et al., 1972; Cox et al., 1989; Kershaw et al., 1980; Miettinen et al., 1971; Sherlock et al., 1984; Smith et al., 1994; Yaginuma-Sakurai et al., 2012) . Kinetic models show that the elimination rate of MeHg determines, and is directly proportional to, the steady state body burden of MeHg that results from a continuous dosage (Aberg et al., 1969) . It follows that identifying an individual's MeHg elimination rate could aid in predicting a predisposition for either retaining or eliminating MeHg, and thus assist in identifying a potential susceptibility to MeHg toxicity. Determining a MeHg elimination rate poses technical and analytical challenges. Previous studies have been constrained by the detection limits of conventional analytical methods. Many have therefore relied on cases with high level MeHg exposure, long observation periods and, in several cases, have required repetitive blood draws (Al-Shahristani and Shibab, 1974; Birke et al., 1972; Kershaw et al., 1980; Phelps et al., 1980; Sherlock et al., 1984; Yaginuma-Sakurai et al., 2012) . In some studies 203 Hg labeled MeHg administered orally or intravenously was used to increase sensitivity of detection (Aberg et al., 1969; Miettinen et al., 1971; Smith et al., 1994) . These previous approaches are not practical for implementing prospective studies where naturally occurring low-levels of MeHg in fish are consumed and where a large number of subjects are investigated.
Longitudinal Hg analysis in hair is an effective and noninvasive method for elimination rate determinations (AlShahristani and Shibab, 1974; Yaginuma-Sakurai et al., 2012) . Human scalp hair grows at an average rate of approximately 1.1 cm/ month (Harkey, 1993; Myers and Hamilton, 1951) . During hair synthesis MeHg from the bloodstream is transported to keratinocytes in the follicle that, subsequent to differentiation and death, are incorporated in the matrix of the growing hair shaft (Kempson and Lombi, 2011; Zareba et al., 2008) . Furthermore, Hg deposition in hair is selective for MeHg, which is then stable for long periods of time (Sherman et al., 2013; Phelps et al., 1980; Zareba et al., 2008) . Time-resolved Hg concentrations can be determined by analysis of hair segments using conventional Hg analytical methods. This approach has been validated to show that, subsequent to MeHg exposure, changes in hair Hg concentration parallel changes in blood Hg concentration (Cernichiari et al., 2007; Kershaw et al., 1980) . Furthermore, the transportable species of MeHg that is found in the hair follicle is the same as that detected in the brain, a finding that has reinforced the relevance of hair as a medium to measure Hg disposition (Zareba et al., 2008) . There are challenges and limitations to conventional approaches to longitudinal hair analysis. Hair growth rates can vary significantly between individuals and between strands from the same individual (Harkey, 1993; Myers and Hamilton, 1951) . Limits of detection in atomic absorption methods require that segments be cut from bunch of hair strands (Al-Shahristani and Shibab, 1974; Cox et al., 1989) . These steps present difficulties with maintaining alignment of hairs and with accounting for variable growth rates of individual strands. X-ray fluorescence approaches have enabled single strand analyses of consecutive 2 mm segments of hair (approximately 6 days of growth), yet this method has proven most effective in samples with high levels of Hg (Cox et al., 1989; Marsh et al., 1987; Nierenberg et al., 1998) . With both of these methods, reliable growth rate determinations typically require monitoring growth over a period of several months.
When coupled with laser ablation (LA) as a sampling method, inductively coupled plasma-mass spectrometry (LA-ICP-MS) is highly effective in resolving Hg levels along the length of a single human hair on a micrometer scale (Legrand et al., 2004 (Legrand et al., , 2007 Stadlbauer et al., 2005) . This approach was used to determine the profile of continuous daily concentrations of Hg over the course of a 1-month period in hairs from individuals consuming fish (Legrand et al., 2007) and to document the timing of Hg intoxication within a 14-day window in a forensic hair sample (Stadlbauer et al., 2005) . The enhanced temporal resolution and sensitivity of LA-ICP-MS for analysis of Hg in hair has yet to be applied in methods of elimination rate determination.
Biotransformation of MeHg to inorganic Hg (I-Hg) is thought to be an integral step in excretion of Hg from a MeHg dose (Norseth and Clarkson, 1970) . In humans and experimental animals as much as 90% of the Hg derived from a MeHg dose is excreted via the feces (Aberg et al., 1969; Landry et al., 1979; Smith et al., 1994) . Furthermore, Hg in human feces can vary from 68 to >95% I-Hg with the remainder being MeHg (Ishihara, 2000) . Unlike MeHg, I-Hg (eg, Hg 2þ ) is poorly absorbed by the intestine (Norseth and Clarkson, 1971 ). Thus, de-methylation of MeHg is presumed to yield a more readily excreted species of Hg and may contribute to a faster elimination rate. The gut flora is one site implicated for MeHg de-methylation (Rowland et al., 1984) . Variation in de-methylation activity in the gut should alter the ratio of substrate (MeHg) and product (I-Hg) trapped in feces. There is presently no method to determine MeHg demethylation in people, so the extent to which de-methylation correlates with the MeHg elimination rate in humans has not yet been characterized.
In this proof-of-concept study, we have applied methods of LA-ICP-MS to determine MeHg elimination rate using single strands of hair from eight human subjects following consumption of fish meals. In parallel, we attempt to determine individual de-methylation status via fecal Hg speciation. We believe these methods will be useful tools for prospective studies to assess variation in individual MeHg elimination rates and how this variation might be influenced by diet and or genetic disposition.
MATERIALS AND METHODS
Study Design. Volunteers were recruited from the University of Rochester Medical Center community. Subjects were enrolled if they were between 18 and 80 years of age and in good general health on a self-reported basis. Subjects were excluded if they had known allergies to fish, were pregnant or lactating, used hair dyes or treatments, had known gastrointestinal or renal disorders, had used systemic antibiotics within the last 2 months, or regularly consumed albacore tuna, swordfish, or shark. Study procedures were reviewed and approved by the University of Rochester Research Subjects Review Board and consent was obtained from each subject.
The overall study design is summarized in Figure 1 . Each subject agreed to consume 3 fish meals at approximately 1-week intervals for each of 2 trials ( Figure 1A ). Trials were separated by approximately 170 days between the last fish meal of Trial 1 and the first fish meal of Trial 2. Stool samples were obtained following Trial 1 and before and after Trial 2 ( Figure 1B) . Whereas only small amount of MeHg are eliminated via other routes [eg, <5% via urine in first 70 days (Smith et al., 1994) ] analyses were limited to hair and feces. Subjects were asked to keep a daily record of types of food consumed at each meal spanning the fish consumption and elimination period within each trial.
Subjects. Eight subjects were recruited (4 women, 4 men). Five of the eight subjects were between ages 24 and 26 years and three between ages 49 and 51 years with body weights ranging from 114 to 188 pounds (Table 1) . Seven subjects were Caucasian and 1 an Indian-Asian male (S5). No unusual dietary habits in the subjects were noted prior to and during the course of the trials as determined from entry interviews and the food diaries kept by the subjects. Subjects were asked to resume and maintain their usual diets, and refrain from fish consumption during the 60-day elimination period. However, 2 subjects consumed some fish within the elimination period of the first trial. Subject S1 consumed 1 =2 serving of haddock 1 week after the 3 tuna meals in Trial 1 and Subject S5 consumed 2 servings of tilapia at 3 and 6 weeks after the tuna meals in Trial 1. Subject S8 reported a cessation of coffee and alcohol consumption for the latter 30 days of Trial 2. No restrictions were applied to subject diets in the washout period between the 2 trials. During the washout 1 subject (S3) reported eating 2-3 meals of canned tuna and another (S5) ate occasional meals of tilapia. None of the subjects reported serious illnesses or use of antibiotics over the course of the study.
Fish meal consumption. Wild caught yellowfin tuna steaks, ranging from 6 to 8 ounces, were prepared by and purchased from a local supermarket. For each trial, all steaks were cut from 1 fish and weighed, individually wrapped and frozen by the market staff. In addition, a small sample (approximately 0.5 oz) from each of 3 body regions (nape, body, and tail) of the same fish was obtained for Hg analysis. This analysis was completed prior to distributing fish steaks and was used to estimate exposures to the subjects. Hg values were determined using cold vapor atomic absorption (CVAA) spectroscopy according to the methods of Magos and Clarkson (1972) . Mercury levels measured in the fish for Trial 1 averaged 1.35 ppm (nape ¼ 1.30 ppm, body ¼ 1.35 ppm, and tail ¼ 1.40 ppm) and for Trial 2 0.29 ppm (nape ¼ 0.28 ppm, body ¼ 0.27 ppm, and tail ¼ 0.32 ppm). Speciation of I-Hg and total Hg (T-Hg) in the 'body' samples from Trial 1 and 2 gave 4.0 and 4.6% I-Hg, respectively, indicating >95% of the Hg in the fish was MeHg. All Hg values were within the range of those reported previously for tuna by the FDA (FDA, 1991 (FDA, -2010 . Subjects were provided with 3 meals of frozen fish steaks in a cooler for transport home. Preparation of fish for eating was at the discretion of each subject, since previous studies showed that cooking methods have little effect on MeHg content (Sherlock et al., 1984) . Using a calculation of retention after continuous dose (Aberg et al., 1969) and individual body weights, portion sizes were estimated for each subject such that consumption of 3 fish meals over 14 days would not be expected to exceed the EPA reference dose. The precise weight of fish consumed at each meal was not necessary for the kinetic determinations. Therefore, in Trial 1, where a fish with higher Hg levels was used, subjects were instructed on how to trim their steaks to achieve an appropriate portion size. For Trial 2, the fish Hg was much lower and subjects were asked to consume 12-14 oz per meal, which was calculated to be within acceptable limits of Hg exposure based on the above criteria. Subjects experienced a reduced level of Hg intake in Trial 2 amounting to 20-50% less Hg than in Trial 1. Fish meals were consumed within a 14-18-day period (Supplementary Table S1A and B).
Hair and stool sampling and amalgam surfaces. Hair samples were taken at approximately 60 days after the final fish meal in each trial (Supplementary Table S1A and B). Hairs were manually extracted in tufts of 4-8 strands from the crown region of the scalp using a gloved hand to briskly pull the hairs out. This resulted in abstraction of follicle/root remnants together with the hair shaft. Hairs were stored in sealed plastic bags until Subject characteristics and hair growth rates. Age, gender, weight, and amalgam surfaces for the 8 subjects are shown. Hair growth rates were determined by analysis of Hg 'spikes' in hairs over the period of fish meal consumption (see 'Methods' section). Three independent hairs from Subject S8 were analyzed (8R1 and 8R2 are 'replicate hair1 and hair2', respectively).
mounting for Hg analysis. As previous studies show that washing steps, employing a variety of agents including sulfhydryl (L-Cysteine) and chelating agents ethylenediaminetetraacetic acid (EDTA), are ineffective for removal of potentially contaminating Hg from exogenous exposures (Ali Aldroobi et al., 2013; Li et al., 2008) no additional steps were taken to cleanse the hair prior to analysis. Hairs were mounted on double-sided clear tape (Scotch brand) previously adhered to a clean glass microscope slide. Using watch-maker forceps, individual hair strands were aligned straight and adhered to the tape and pressed into the adhesive from the top using a clean microscope slide. These steps resulted in immobilization of the hair with approximately two-thirds of the shaft diameter sitting above the surface of the adhesive. One-centimeter increments were marked on the tape adjacent to the hair strand as reference points for aligning the hair for LA. Stool samples were collected by the subjects using a Fisherbrand Commode Specimen Collection System (Fisher Scientific no. 02-544-208). Stool samples were brought directly to the laboratory where they were frozen at À20 C until preparation for Hg analyses. The number of tooth surfaces filled with dental amalgam for each subject was recorded by visual inspection (MR) at the time of hair collection on the final visit. Four of the subjects had amalgam surfaces numbering from 3 to 11 (Table 1) .
LA-ICP-MS of hairs.
Longitudinal analysis of Hg in hair was performed with LA-ICP-MS at the Dartmouth Trace Element Analysis Lab. LA was carried out with a UP213 laser (ESI, Bozeman, Montana) equipped with a programmable X-Y stage for predetermining coordinates for ablations of a series of spots on the hair shaft. Ninety consecutive spots were ablated at a 333 mm interval (approximately 1-day growth) over a 3.0 cm segment of the hair segment closest to the root. Hair growth occurs at approximately 1.1 cm per month (Harkey, 1993; Myers and Hamilton, 1951) , therefore, 3.0 cm of the initial segment, including the root portion of the shaft, was expected to cover the 60 day elimination period, the 14-day fish meal period and a period prior to the fish consumption to assess background Hg levels. Elemental detection was performed with a Thermo Scientific Element 2 ICP-MS (Bremen, Germany) set to monitor 202 Hg and 34 S isotopes in low resolution. Sulfur concentration has been shown to be stable across the length of hair (Legrand et al., 2004; Rodushkin and Axelsson, 2003) , therefore, the 34 S isotope was used as an internal standard in accord with previously published methods (Legrand et al., 2007) . Sampling parameters included laser settings of 55 mm spot size with 3 s dwell time at 10 Hz and laser power set at 40% equating to a fluence of 4.00 J/cm 2 . Although we did not perform quantitative Hg analysis with respect to reference material we typically achieve detection limits for Hg of 10-50 ng/g depending on laser spot size and instrument sensitivity settings. Data were collected as time resolved intensity of S multiplied by a factor of 1000 since the signal intensity for 202 Hg was approximately 3 orders of magnitude lower than 34 S, consistent with the low abundance of Hg relative to S in hair. Hg values were not quantified with respect to a standard reference material (SRM), since this has proven challenging and variable with respect to the matrix composition of the SRM (Legrand et al., 2007) . Furthermore, absolute Hg quantification was not necessary since the goal of this study was to determine a kinetic parameter of Hg elimination, which can be derived from the change in relative concentration of Hg over time. We therefore refer to the relative concentration of Hg in hair as a ratio denoted as Hg:S (Â1000 in arbitrary units).
Determination of Hg elimination rate. Data were plotted in terms of Hg:S versus time (days). Growth rate of each individual hair was calculated by determining the distance between the Hg:S spikes that correspond to the first and last fish meal within each Trial (ie, number of spots, with each spot separated by 333 mm. See Figure 2 ) and then dividing by the number of days between these meals. Elimination data spanned the interval beginning 2 spots (approximately 48 h) after the last fish meal to the margin of root material at the follicle end of the hair. Elimination rates were calculated based on a 1-compartment model with the assumption of a first order process according to:
Àkelt and its natural log transformed expression:
where C t is the concentration of Hg (ie, Hg:S) at time t and C 0 is the concentration of Hg at t ¼ 0. The elimination rate constant (k el [days À1 ]) was determined from the slope of a linear regression line fit to a plot of ln(Hg:S) versus time created using Prism (Graphpad Software, Inc. La Jolla, California). We assumed a baseline of zero Hg:S for rate calculations (see 'Results and Discussion' section). In this study, where elimination periods spanned only a single half-time or less in each subject, the data were interpreted to reflect the elimination rate for the approximately 60-day period subsequent to the fish meals. For purpose of discussion of the variation in elimination rates the k el was used to estimate a half-life (t 1/2 ¼ 0.693/k el ) in units of days. Statistical differences in k el between Trial 1 and Trial 2 for each subject were evaluated using a method of analysis of covariance within the Prism software package and expressed as a P-value for difference in slopes, with significance occurring at P < .05. As an additional point of reference, a 95% CI for the slopes was determined from the built in linear regression tool within the Prism software. It is noted that, while these 2 statistical determinations are complimentary, the P-value is favored for recognition of a statistically noteworthy findings in exploratory studies (du Prel et al., 2009) .
Hg analysis and speciation in fecal samples. Determination of T-Hg and I-Hg in fecal samples was performed by CVAA (Magos and Clarkson, 1972) . Fecal samples were prepared in triplicate by homogenization of approximately 1.0 g of feces (wet weight) in 1 ml of 1% cysteine and 2 ml of 0.9% saline solution. Homogenization was performed in 5 ml tubes (Eppendorf no. 0030119460) pre-loaded with 2.8 g of 1-mm zirconium beads using a Bullet Blender 5 E homogenizer (Next Advance, Avril Park, New York). Homogenate and beads were transferred to a 20 ml glass scintillation vial containing 2 ml of 45% NaOH, mixed and heated for 10 min at 90 C. Samples were cooled and 5 ml of 0.9% saline was added and vortexed for 15 s. Samples were stored at 4 C until analysis. T-Hg was determined by CVAA and I-Hg was determined by omission of CdCl 2 prior to the final reduction step, which effectively restricts organic Hg (eg, MeHg in the feces) from contributing to the Hg analysis (Magos and Clarkson, 1972) . Hg determinations were made on a wet weight basis and expressed in parts per billion (ppb).
Triplicate determinations were made for each sample (T-Hg and I-Hg) to obtain an average value. Percent I-Hg is expressed as the ratio of I-Hg/T-Hg Â100. Fecal homogenate samples from Trial 2 were also analyzed for Hg speciation by ethyl group derivatization with sodium tetraethylborate (NaBEt 4 ) to convert CH 3 Hg þ and Hg 2þ into the volatile species (CH 3 )(CH 3 CH 2 )Hg and (CH 3 CH 2 ) 2 Hg, respectively. These species were detected with purge and trap gas chromatography (GC)-ICP-MS and quantified using speciated isotope dilution as previously described (Taylor et al., 2011 (Taylor et al., , 2008 . The fecal samples prepared for CVAA above were used for these analyses; however, an equal volume of each replicate was pooled to constitute 1 sample analyzed by the NaBEt 4 ethylation method. The data are expressed as MeHg and I-Hg in ppb and as %I-Hg that equals (I-Hg/[MeHgþI-Hg] Â100).
Outliers are occasionally observed in this method and identified by a deviation of >5-fold in an expected quantitative value of an individual sample between 2 independent methodologies (eg, CVAA and NaBEt 4 ) and is attributed to contamination or error in spiking with the isotope dilution method.
RESULTS

MeHg Elimination Rates Determined for Individual Subjects
Hg profile in hair. The longitudinal profile of the Hg:S (arbitrary units, see 'Methods' section) in the hair that grew over the course of each trial for each subject is seen in Figure 2 . Spikes in Hg:S were seen that can be correlated with the day that each fish meal was consumed. A decline in Hg:S was seen between the final Hg:S spike and the root of the hair, which was interpreted as an indicator of the corresponding decrease in blood MeHg concentration associated with the MeHg elimination process (Cernichiari et al., 2007) . For most subjects the pre-meal Hg:S in hair was low with respect to the Hg:S resulting from the fish intake. Subject S3 demonstrated an elevated pre-meal hair Hg:S relative to the highest Hg:S level in both Trial 1 and 2 (Figure 2 ). In this subject, the Hg:S at the end of the elimination period of Trial 2 was below the pre-meal Hg:S level at the start of the trial. A similar profile was seen for subject S1 in Trial 2 (Figure 2 ). These data indicate that the pre-meal Hg:S in hair is not representative of a stable baseline Hg level in these subjects. Given this observation, calculations of elimination rates were performed assuming a baseline Hg:S value of zero in all subjects (see 'Discussion' section).
Hg elimination rate determination in hair. Hair growth rate averaged across all of the subjects showed values of 1.05-1.08 cm/30 days for the 2 trials (Table 1) . These values are consistent with previously determined values of human hair growth (Harkey, 1993; Myers and Hamilton, 1951) . Nonetheless, there was variation seen, both between and within subjects. The variation ranged from 0.78 to 1.21 cm/30 days ( Table 1 ), values that are also within the reported range for human scalp hair growth (Harkey, 1993; Myers and Hamilton, 1951) . This variation emphasized the necessity to determine growth rate on the individual hair strands in order to accurately resolve Hg elimination rates in subsequent calculations. Linear fits to ln(Hg:S) v. time plots of the elimination data showed association values ranging from R 2 ¼ 0.842 to 0.444 ( Figure 3) . Elimination rate constants, determined from the slope of the linear regressions, were seen to span a wide range, both between individual subjects as well as within subjects over time (Figure 3 ). For the first trial a 3-fold difference in Hg elimination rate was seen across subjects with values ranging from k el ¼ 0.0163 to 0.0054 day À1 (estimated half-life [t 1/2est ] ¼ 42.5-128.3 days, respectively) ( Figure 3) . In Trial 1, Subjects S2, S3, and S5 exhibited the slowest elimination rates with k el ¼ 0.0054-0.0060 day -1 (t 1/2est > 100 days). All 3 of these individuals showed a statistically significantly faster elimination rate in Trial 2 (k el ¼ 0.0105-0.0082 day
À1
[t 1/2est ¼ 66-84.5 days]) (Figure 3 ). Subject 4 also demonstrated a statistically significant increase in elimination rate between Trial 1 and Trial 2 (Figure 3) . It is of note that the elimination rate for subject S5 was among the slowest in Trial 1 where S5 reported eating 2 meals of fish at 3 and 6 weeks during the elimination period. In contrast, Subjects S1, S6, S7, and S8 exhibited no significant change in elimination rate between trials (Figure 3) .
For 1 subject (S8, Trial 2) replicate analyses of hairs collected at the same time were performed to examine hair-to-hair variation within subject Hg profiles. Slight differences were seen between the hairs with respect to the apparent maximum Hg:S reached with the fish meals (Figure 4) . The 3 hairs exhibited similar growth rate values (Table 1 ). Hg elimination rates also were in close agreement with no statistically significant difference (k el ¼ 0.0144-0.0128 day À1 , t 1/2est ¼ 48.1-54.1 days, Figure 4 ).
Mercury speciation in fecal samples
Fecal I-Hg and T-Hg and MeHg concentrations were determined on a wet weight basis since the goal was to determine the percent I-Hg (%I-Hg). Using CVAA, 94% or more of the fecal Hg was in the I-Hg form for Subjects S2, S4, S7, and S8 subsequent to the fish meals in both Trial 1 and 2 (Table 2) . Subject S1 initially demonstrated a value of 65.2% I-Hg that increased to 92.6% in Trial 2. In contrast, Subject S3 showed values somewhat lower with 59.0-77.2% across the Trials. A similar profile was seen for Subject S5 (I-Hg ¼ 58.9-89.8%, Table 2 ). Also of note, Subject S6 showed a decreased %I-Hg from Trial 1 to Trial 2. Overall, these ). kel was used to estimated half life (t1/2est in days, expressed in brackets []) for each subject in each Trial. Statistical differences in slopes between Trial 1 and Trial 2 for each subject were determined by analysis of covariance and reported at p < 0.05 (*) and < 0.005(**). The 95% CI for each slope determination (in parentheses ()) are also shown. (Note: the day scale on the abscissa for the plots is not aligned with respect to calendar days). data demonstrate substantial variation in the %I-Hg in feces, both between individuals and within individuals over time.
Noting a sizeable SD in some replicates of the CVAA Hg analysis (eg, S6, Trial 2, Table 2 ) we sought to validate these determinations by an alternative method that measures MeHg directly and in parallel with I-Hg. We analyzed post-meal fecal samples of Trial 2 using NaEt 4 B ethylation. The values of %I-Hg determined by this method show consistency with the CVAA values (Table 2) . Furthermore, this analysis confirmed that the presence of MeHg accounted for the observed variation in %I-Hg in the fecal samples (Table 2) . Overall, these data are consistent with a mechanism whereby the majority of MeHg stemming from the fish meals is excreted via the feces in the I-Hg form. The variation in fecal MeHg content also suggests incomplete de-methylation is occurring in some subjects.
Analysis of fecal T-Hg content for determining kinetic parameters was not an objective in this study. Nonetheless, intra-and inter-individual variation in fecal T-Hg content was observed ( Table 2) . Five of the subjects showed an increase in T-Hg in the post-meal feces relative to pre-meal feces (Table 2 , Trial 2) indicative of MeHg intake from the fish meals. However, a decrease in fecal T-Hg was seen in Subject S7 pre-to post-fish meals, and other subjects showed no increase (Table 2) . Importantly, we observed that T-Hg in feces was consistently higher in subjects with amalgam surfaces (S2, S6, S7, S8, Tables 1 and 2), indicating that amalgam mercury could potentially contribute to the I-Hg in the feces.
Correlation of Elimination rate and %I-Hg in Feces
We next compared MeHg elimination rates with the corresponding %I-Hg in fecal samples across the 2 trials to look for a correlation. We excluded subjects S2, S6, S7, and S8 since the amalgam contribution to the fecal I-Hg could not be accounted for with the current approach. The plot of elimination rate (k el ) versus %I-Hg for 8 determinations for subjects S1, S3-S5 demonstrated a trend for a positive association of %I-Hg and increase in k el (Figure 5) , consistent with the notion that MeHg   FIG. 4 . Replicate determinations of elimination rates in a single subject. Three independent hair samples from subject S8 were analyzed as described in Figures 2 and 3. (Note: the day scale on the abscissa for the plots is not aligned with respect to calendar days).
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DISCUSSION
We report a practical and simplified approach, with improved methods, to determine MeHg elimination rate and an estimate of MeHg de-methylation status (%I-Hg in feces) in individual people subsequent to fish consumption. This elimination rate method offers several advantages over previously employed methods. One advantage is that, with the enhanced temporal resolution and sensitivity of ICP-MS relative to alternative methods (eg, CVAA and X-ray fluorescence), detection of Hg changes in a single hair strand following individual fish meals can be determined. A second advantage is that, with LA sampling at 333 mm intervals, sufficient data for kinetic determinations can be acquired over a relatively short elimination period. As a result, an individual's elimination rate can be determined in approximately 75 days: meals to measurements. Third, by using the Hg:S spikes that correspond with the time of each fish meal we can determine the hair growth rate and adjust for the variable growth characteristics that are intrinsic to human scalp hair. An additional advantage is that hair sampling can occur non-invasively and at a single endpoint, making repetitive blood draws unnecessary. This simplified approach to determining an elimination rate may contribute to future investigations into Hg elimination kinetics by facilitating studies that enlist a larger number of subjects as well as studies conducted on individuals over time. The accompanying method of determining the fecal %I-Hg begins to address the metabolic relevance of MeHg de-methylation in the human body.
This pilot study highlights several important issues with respect to the biological processes studied and the analytical methods applied. First, it should be emphasized that the measurements made over a 60-day elimination period, while sufficient to derive an elimination rate for that period, are limited in assessing a true half-life value. The determination is best achieved with data that spans 2-3 half-lives. Nonetheless, the high degree of variability in elimination rates observed, not only between individuals, but within individuals over time; indicate MeHg metabolism and excretion in the human body is subject to dynamic changes that can occur within a time frame of several months. The possible reasons for this variation are multiple, including variation in genes that influence MeHg kinetics, possible induction of metabolic pathways, and differences in the intestinal microbiome (Llop et al., 2015) . Of particular note is the sizeable change in MeHg elimination rate that was seen within 4 of the subjects over the course of 2 Trials. This finding suggests the existence of factors that can induce a change in MeHg metabolism or elimination kinetics. Rodent studies have shown that antibiotic mediated changes in the gut flora can result in decreased MeHg elimination (Rowland et al., 1980 (Rowland et al., , 1977 . More recent studies have elucidated the dynamic nature of gut microbiome composition in response to diet and stress (Bailey et al., 2010; David et al., 2014) . A potential role for gut microbiota in modulating MeHg elimination characteristics in humans has yet to be investigated. Furthermore, the relationship of MeHg elimination and de-methylation awaits characterization with greater certainty. Application of the approach and methods described here to a larger number of subjects, and integrating investigations of the gut microbiome, genetic variation and metabolomics, are likely to contribute to a greater understanding of the fundamental mechanisms controlling MeHg metabolism and elimination. 17.4 (1.6) 30.0 (4.2) 58.9 (9.9) 9.8 (3.5) 10.9 (3.5) 89.7 (3.5) 9.5 (2.5) 10.6 (2.6) 89.8 ( Table 2 ]. Values exceeding 100% for I-Hg by CVAA analysis are assigned the value of 100% for this plot [see Table 2 ]).
This approach may present challenges when applied to individuals who consume fish regularly. Routine fish eaters are known to have elevated levels of Hg. In an elimination study it is critical to account for a baseline level of mercury that is due to outside sources. A true baseline is the steady state Hg level that resolves when the prescribed dose clears completely. However, in the instance that a subject has eaten fish containing MeHg prior to initiating this type of study, the MeHg from this fish is anticipated to decline with the same rate as the MeHg absorbed from the fish meals in the study. Prior fish consumption should therefore not influence the elimination rate constant. In the instance that the pre-study level of mercury is designated as the 'baseline' then rate calculations using baseline-subtracted Hg values will be significantly different than that where a zero-Hg baseline is assumed. It is therefore critical to understand the nature and timing of all Hg exposures in subjects being tested. Nonetheless, this method could be adapted to examine routine fish eaters by simply initiating a 60-day period of abstinence from fish. In this case, where Hg:S spikes would not be resolved an alternative method for hair growth rate determination would be needed. One possible method is to administer a trace element supplement (eg, zinc) at three 7-day intervals that could subsequently be resolved by LA-ICP-MS.
The issue of baseline correction has been addressed in a recent study by Yaginuma-Sakurai et al. (2012) . These investigators studied a cohort of 27 fish eating subjects using a conventional method of atomic absorption for segmental hair analysis and reported values of baseline-uncorrected t 1/2 ¼ 102 (range 60-192) days and baseline-corrected t 1/2 ¼ 64 (14-126) days (Yaginuma-Sakurai et al., 2012) . These investigators suggest that using the baseline-uncorrected elimination rates (half-life) is most practical for these types of studies and cite additional factors leading to uncertainties in formulating a background correction (Yaginuma-Sakurai et al., 2012) . It is of note that the greater t 1/2 values found by Yaginuma-Sakurai et al, compared with this study, may be attributed to incomplete abstinence of fish eating during the elimination period reported for some of their subjects. Such an effect is evident in other earlier studies (Birke et al., 1972) and could be at play here with subject S5 in Trial 1, where consumption of 2 fish meals during the elimination period was reported. These observations highlight the importance of avoiding fish intake during the elimination period for accurate rate determinations. Furthermore, Hg from other food sources (eg, crustaceans, mollusks, and rice), while typically occurring at low concentrations relative to fish, may come into consideration when evaluating subjects.
Dental amalgam surfaces are potential contributors to baseline levels of Hg. However, several studies support the notion that MeHg, and not I-Hg, is preferentially deposited in the growing hair shaft (Zareba et al., 2008) . A recent study using Hg stable isotope analysis of hair from dental professionals, who experienced higher than normal I-Hg (Hg 0 ) exposure, shows that Hg in hair is derived primarily from MeHg coming from fish in the diet (Sherman et al., 2013) . Additional studies indicate that hair Hg best reflects MeHg exposure resulting from fish intake and is little influenced by Hg derived from dental amalgams (Batista et al., 1996; Pesch et al., 2002) . Thus, we conclude that amalgam Hg is not a significant contributor to baseline Hg in hair and does not appear to have a significant impact on the kinetic determination of MeHg elimination rate by this method.
Amalgam surface contribution to fecal Hg is, however, a source of Hg that will bias determinations of de-methylation status. Hg from amalgams can be found in feces in the form of amalgam particles and as oxidized Hg bound to sulfhydryl groups (Bjorkman et al., 1997; Engqvist et al., 1998) both of which would contribute to I-Hg determination by the CVAA method used here. The fact that the 4 subjects in this study who had amalgam surfaces also showed the highest levels of fecal T-Hg supports this notion. Thus, in this method, amalgam Hg in feces is predicted to skew the fecal Hg to a higher inorganic ratio and potentially mask the true MeHg de-methylation status.
Determinations with subjects lacking amalgam surfaces showed a trend whereby faster elimination rates correspond with a higher %I-Hg ratio in feces. This observation is consistent with the hypothesis that MeHg de-methylation contributes to the elimination process by generating I-Hg, which is more readily excreted via feces. As seen when comparing S3 to the other subjects, a reduced %I-Hg is a result of a higher proportion of MeHg in the feces (Table 2 , post-meals NaEt 4 B). This finding fits a model whereby decreased de-methylation activity, presumably harbored in gut microbiota, results in decreased MeHg substrate turnover. As a result, increased level of MeHg in the gut compartment would not only present more MeHg to return to the body by intestinal reabsorption, but lead to an increased proportion of residual MeHg trapped in the feces. This hypothesis and model needs more rigorous testing across a larger sample of subjects using this method.
In summary, we outline an approach and improved methods by which to measure kinetic rates of MeHg elimination and estimate the degree of MeHg de-methylation in people consuming fish. The short time that is needed to acquire these metrics is one strength of this approach. Another strength is the detail that the elimination rate and de-methylation status bring to understanding a subject's Hg disposition. However, interference from I-Hg in dental amalgams, and potentially other non-fish Hg sources, in determining fecal I-Hg ratio is a weakness in this approach that affects estimates of de-methylation status. Further methods development is required to overcome issues of accounting for Hg species in fecal samples. Nonetheless, we suggest this approach can contribute to understanding an overall mercury metabolism and elimination status, or "MerMES", in people. We also anticipate this approach and method will advance investigations into genetic and dietary factors that influence MeHg exposure characteristics. 
